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Abstract 

The possibility that the mass hierarchy is intimately associated with the com- 
positeness level of the matters is proposed in supersymmetric gauge theory. 
This implies, for instance, that the preons constituting top quark consists of 
the "prepreons" binded by the same gauge force making the charm quark out 
of another preons. The exemplifying toy model illustrates how the hierarchy 
in the yukawa coupling constants in the up-quark sector is generated from 
the underlying gauge dynamics. It is also indicated that the incorporation 
of down-type quarks as elementary objects leads to unpleasant results gener- 
ically. Thus all the quarks as well as the leptons must also be regarded as 
composite in the present approach. 
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I. INTRODUCTION 



The hierarchic structure observed in the masses among the different generations of quarks 
and leptons is one of the questions that cannot be addressed to within the standard model. 
The yukawa sector of the standard model consists of many coupling constants which provide 
a necessary and sufficient number of parameters to reproduce the masses and mixing of 
quarks as well as (weak) CP phase at the present experimental stage. In particular there 
cannot be found any reason why such different orders of numerals appear in the yukawa 
coupling constants. 

In a recent few years various composite models of quarks (and leptons) have been pro- 
posed so far using the knowledge on the nonperturbative aspects of supersymmetric 
gauge theory |4]]. Those models utilize the dynamics of a series of the asymptotically free 
gauge theory ||; confinement without spontaneous breakdown of chiral symmetry. It gen- 
erates dynamically the nonperturbative terms which accommodate the yukawa interactions 
of the quarks (and leptons). 

In this note we would like to propose another class of composite models to access to the 
mass hierarchy problem by using the same type of supersymmetric gauge dynamics. That 
is, the hierarchy of masses may have its origin intimately associated with the level of the 
compositeness of each generation of the matters. It may open up the potential possibility 
to construct the models possessing more and more predictive power. 

The model of Ref. f|| prepares three types of preons, each of which is subject to asymptot- 
ically free SU(2) gauge interaction but characterized by the dynamical scales different from 
each other. Thus, there, the hierarchy of the masses in the up-type quarks, for instance, is 
traced back to the hierarchy of the scales of the SU(2) gauge dynamics; the repetition of the 
same structure for confining forces characterized by three different scales. 

The matter structure examined here is as follows. For simplicity let us take our attention 
to the last two generations of the up- type quarks, i.e., charm and top quarks, and consider 
their respective potential compositeness. The charm quark is assumed to consist of the 
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preons subject to the confining interactions of the gauge group G2. The same force G2 binds 
the "prepreons" constituting the preons, which will be binded by asymptotically free Gi 
gauge force at lower energy scale to form top quark. Thus as long as we restrict to those 
two species, the top quarks is considered to be the composite of the composite preons while 
the charm quark the composite of the preons. To uncover the requisite pattern of hierarchy, 
Higgs doublet giving the up-type quarks should also be composite with the same level of 
compositeness as top quark. The same consideration can also be generalized in the case of 
the three generations. 

The next section gives a toy model how such a structure give rise to the hierarchy in the 
masses of quarks, i.e., the hierarchy in the strength of yukawa coupling, those of which arise 
from the underlying gauge theory, especially sticking to the two generation. This model 
itself is far from reality but illustrates the main ingredients of the models based on the idea 
proposed here. 

The last section will be devoted to the discussion and conclusion. 

II. EXAMPLE OF PREPREON MODEL 

The simplest example of the models realizing the idea described in the previous section is 
inferred from the use of the infrared dynamics of the supersymmetric SP(iV c ) gauge theory 
with Nf = N c + 2 flavors 1 of chiral superfields Q a 7 | in the fundamental representation || . 

Such a theory gives the confinement of color but does not yield spontaneous breakdown 
of chiral symmetry SU(2iV/). The massless degrees of freedom appropriate to describe the 

1 The terminology used here obeys that in Ref. ||. In particular u Nf flavors" implies that 2Nf 
number of chiral supermultiplets in the fundamental representation (its dimension is 2N C ) under 
SP(JV C ). 

2 Here a = 1, • • • , 2N C denotes the index of the fundamental representation of SP(iV c ) and / = 

2Nf are the index of the fundamental the (approximate) global symmetry SU(2iVy). 
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infrared aspects are the gauge singlet meson chiral superfield Vjj ~ QaiQpjJ^" 13 , where 
J a P is an SP(iV c )-invariant second-rank antisymmetric tensor, transforming as a second- 
rank antisymmetric tensor under SU(2iV/). The gauge theory induces the nonperturbative 
term to the superpotential which are expressed in terms of this meson field 

W dyQ = Pi Nf (V) (1) 

= e hl2 '" l2N f- ll2N fVr t ■ ■ ■ Vr t (2) 

~ 2 N fN f \A 2N f~ 3 12 VI ^ f -ihN f i \*) 

where A is the dynamical scale of SP(iV c ) gauge theory in some renormalization scheme. 
The aspect of the infrared dynamics of a series of this gauge theory has resemblance to the 
SU(2) gauge theory with three flavors (six chiral supermultiplets of spinorial representation), 
which plays the central role in the models of Ref. . 

Hereafter we will concentrate on the case of N c = 2 which will turn out to be the minimal 
choice for the purpose to illustrate how the hierarchy in the yukawa coupling constants arises 
between the two different generations of up-type quarks ( which will be identified as top and 
charm quarks ). The three generation model can be constructed by using SP(3) xSP(2) 
xSU(2)t as confining gauge forces. 

The gauge group of the toy model is G = SP(2) x SU(2) T x G ST , where G ST = SU(3) C x 
SU(2) L x U(l)y is the gauge group of the standard model. The additional SU(2) T is the 
confining gauge force making the top quarks and the Higgs doubles. Table | lists the content 
of the particles which are non-singlets under SP(2) and their charges under G. 

The gauge anomaly cancellation with respect to Gst is realized by adding the particles 
with the charges shown in Table [0]. Note that the number of each nonzero GsM-charge 
in SP(2) non-singlet sector is the same as those of the two generations of Nelson-Strassler 
model p[. In order to suppress the baryon number (B) and/or the lepton number violating 
interactions, the U(1)b conservation and Z2 symmetry are assumed to hold [0] for the charge 
assignment listed in Table | and [TT]. The fermionic coordinate 9 (6) is also charged under 
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Z 2 in such a way that 6 2 (6 2 ) has odd parity 5 . Thus ^-charge of each term in the 
superpotential is required to be odd. The superpotential invariant under G x U(1)b x Z 2 
for the renormalizable terms containing only the particles in Table | and [H] is 

W ren _i = X H H2[hn] + X D D 2 [dn] + ±\ E E&>\hh] 

+\ s ([»]) T + \ T T 3 + £ yl 9 e Rf l f H g , (3) 

where each [, ] implies the contraction of SP(2) indices through J~ af3 , while SU(2)t indices are 
contracted within <, >. All the coefficients except for the lepton yukawa coupling constants 
are 0(1). This should be understood for any tree level superpotential terms hereafter. 

For the completion of the toy model, we have to care about the generation of masses 
for bottom and strange quarks. Unfortunately the present toy model has a disaster on this 
point. Here we would like to content ourselves with merely presenting a self-contained model 
and leave it clS cL future subject. 

The renormalizable superpotential each term of which contains at least one of the par- 



ticles in Table [II is as follows 



W rcn _ 2 = M N (NN) + M P [PP] + t$ {N[Ps}) + r N (]V[Ps 

+ E {4H f [Ph] + ^[Pd] + 4 R d Rf [Pd]}. (4) 

/=2 

The mass Mp is taken as larger than Asp, while should be larger than A^, the dynamical 
scale of SU(2) T gauge theory with four spinors. Here it is also assumed to be less than Ag P . 

Below the scale Mp, P and P decouple from the theory. Integrating out those modes in 
(|) leads 

w rcn _ 2 = m n Inn 



5 Precisely 6 (6) has the ^-charge u> (uj 3 ) with u = e l7f//2 and the imposed symmetry should be 
called as Z±, but this is not important for the present argument. Note that the gaugino has charge 
+ 1 so that the soft supersymmetry breaking gaugino mass term is not forbidden by this symmetry. 
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Ns) (sN)\+ m ^ri R d Rf ([ds}N 

/=2 



M P 

+r N j:r f H H f ({hs]N)+ E rU 9 H d Rf [dh}H ; 



/=2 /,g=2 
+ •••, (5) 

where the dots denote the additional terms including D or E which are not interested here. 

When the energy scale of the system decreases further, SP(2) gauge interaction becomes 
strong. Then the gauge interactions of G other than SP(2) and the superpotential terms are 
considered as small compared to the gauge coupling constant of SP(2) above and around the 
dynamical scale Asp so that they can be ignored approximately. Thus the theory is nothing 
but the supersymmetric SP(2) gauge theory with four flavors of "quarks" Q a j = (s, d, h, n) a 
as promised. 

The massless composite degrees of freedom consist of the preons d, h and n which appear 
in the models by Nelson and Strassler M, the singlet S, and the composite chiral super- 
multiplets Vjj corresponding to the second generation of Nelson- Strassler model with the 
indices I and J attached to SU(6) subgroup of the total chiral symmetry SU(8). Explicitly 
Vf j is expressed as 

f cr g[ 2) -d^" 

Vfj~ Asp - q f E 2 -H® • (6) 
v o / 

- (2) 

There appear the right-handed charm quark cr, the left-handed quark doublet q L of the 
second generation, and the Higgs doublets H^ 2 \ which will not obtain nonzero vacuum 
expectation value (VEV) as its mass squared will be found of the order Ag P , much larger 
than the negative corrections by the large top yukawa coupling of the order — (?/fm susy /(47r)) 2 
with the supersymmetry breaking scale m susy ~ 0(1) TeV and top yukawa coupling constant 
y t of order one. 

In contrast to the Nelson- Strassler model the nonperturbatively generated superpotential 
terms are now the non-renormalizable ones ab initio 
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w dyn = pf 2 (n (7) 

which explicitly give rise to 

Asp W dyn = S {a> 2 c R + (3' 2 c R D®E 2 + i 2 D®q®$ } 

+«f c R g[ 2) (hn) + a\ R (dd) q^H® + af c R (dh) # (2) 

+p t 2 R (dd) D^E 2 + $ c R (dn) E 2 + $ c R D® (hh) 

+ll L (dk) q^D^ + 7 ? (dn) q { S { L\ (8) 

where a' etc., are 0(1) constants parametrizing the corrections from the perturbative cou- 
plings, which depend on the species taking part in each above coupling. The U(1)b is 
conserved by the dynamically generated terms since they do not break chiral symmetry 
SU(8) and the baryon number restricted to SP(2) non-singlet sector is one of the generators 
of SU(8). The tree level superpotential in (||) now turns into 

W rcn _! = A^Asp H 2 H^ + A D A SP D 2 D^ + A S A SP E®E 2 + A 5 A SP ST 

+A T T 3 + £ y{ 9 e Rf lfH g . (9) 

Eq. (^) also becomes 

W rcn _ 2 = M N (NN 

_ Asp J A / _ j t / , -\ / fj_ A \ A * 5 j ( 2 ) 



M, 



p 



E (^4^/ W + + E ^ R r 9 H d Rf q ( L 2) H g 

,/=2 /,S=2 



+ •••• (10) 

Now #( 2 \ i? 2 , L>( 2 \ L> 2 , £ {2) , £ 2 , 5 and T gain masses of order A$p and decouple from the 
effective theory under those thresholds, producing new non-renormalizable operators, but 
irrelevant for mass generation. Keeping the relevant terms for the quark yukawa couplings 
explicitly in the sum of fl|), (|9|) and (|I0"D the effective superpotential becomes 

W cS = a^-^-c R q < i ) (hn) 

A SP 



\rs E 4jRf (dN.) + r N r H H (hN) + r H £ rl R d Rf q^H 
+ ■■; (11) 



by writing H for . 

As the energy further goes down, N_, N_ decouples and the theory becomes described by 
the effective superpotential 



■\A) H 1 - (2) /, v A SP / t (2)fj 

W cfr = a 2 —— c R ql> {h n) - t h — ^ rj d Rf q y L >H 

-Vsi> Mp ._ 2 



Asp 



(tnt n t h ) J2 T L dR f H + 



Mp Mjs 



(12) 



Finally the gauge force SU(2)t becomes strong at the scale At enough to confine the 
composite preons d, h and n, where At is now the dynamical scale of SU(2)t gauge theory 
with six spinors. This is the dynamical feature due to the supersymmetric SU(2) gauge 
theory with six spinors. The massless composite degrees of freedom are then 



(dd) (dh) (dn) * 



(hd) (hh) (hn) 
(nd) (nh) 



An 



-H 




(13) 



/ 



SU(2) T gauge dynamics generates the additional new cubic terms to the superpotential ([12] 
nonperturbatively 

W cff = a t R qfH + of c R qf H - T H ^f £ 4 R d Rf q ( pH 

A SP Mp j =2 



(tnT N t h ) T L d RflL )H + 



Mp Mj\ 



(14) 



Z ^ /=2 

Eq. ( |I4"D shows that the yukawa coupling constant for top quark appears as 0(1) Jj],0] 
while that for charm quark is damped by the factor At/Asp, the ratio of the confining 
scales of the two gauge dynamics. Note that the origin of this factor arises from the non- 
renormalizable nature of SP(iV c ) dynamics and the multi-compositeness of the Higgs doublet 
acquiring nonzero VEV. However as one linear combination of d R participates in fli~4l) , only 
one down-type quark gains the mass, which is strange quark as the yukawa coupling in 

(2) 

matter involves q L . This unpleasant feature in the present example originates from the 

(3) 

multi-compositeness of q L which prevents a renormalizable superpotential term and leaves 
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a global symmetry in the yukawa-sector. Such a pattern that bottom becomes lighter than 
strange quark will not be circumvented as long as these quarks are considered as elementary 
objects since the dimension of the operator containing the third-generation quark doublet 

(3) (2) 

q L necessarily becomes higher than that for q L when they are written down in terms of 
their most fundamental objects. Obviously such a feature originates from our present insight 
on the structure of matters. However compositeness of the right-handed down-type quarks 
will turn over this invalid relations if confinement producing bottom quark occurs at much 
higher scale than that making strange quark, or strange quark has deeper substructure than 
bottom quark. 



III. DISCUSSION AND CONCLUSION 

Here we seek the possibility that the mass hierarchy of the matters is directly related with 
the compositeness hierarchy of the matters. The toy model is given to illustrate that the 
dynamically generated nonrenormalizable terms induces the suppression factor for the light 
up-type quark yukawa coupling. This factor is the ratio of the two confining scales, differing 
from that in Ref. Q using similar SP(iV c ) gauge dynamics, in which the yukawa coupling 
for the light flavors arises from the non-renormalizable terms expected to be induced from 
Planck scale physics. The compositeness of Higgs doublet H also plays an essential role 
here. 

It was also observed that the down-type quarks must be considered as composite to reach 
the realistic pattern of their masses once we follow up the present idea. Accepting this fact 
positively, this requirement naturally suggests that all the matters should be composite if 
we follow the present approach. 

The multi-compositeness of the matter often forbids the renormalizable superpotential at 
tree level assuring an accidental symmetry. Such an inherent property might become useful 
to generate desirable hierarchy in the cleverer model, although it yielded some unpleasant 
results ( including /i problem as discussed below ) in the toy model here. 
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The exemplifying model does not generate the mass term for Higgs bosons (so called \i 
term) as well as the mass terms for D^ 3 \ D 3 , and E 3 from the renormalizable inter- 
actions. The nonrenormalizable operators to induce it can always be put in by hand, for 
instance, as 

s^aflHM). («) 

for the Higgs mass terms, but it is rather unattractive as the mass scale entering above 
must be tuned to give a right order of magnitude as Ag P A T /(MiM 2 ) ~ O (1) [TeV]. This 
point also needs further consideration in the construction of the realistic model based on 
the present approach, which is left over as the future subject. 
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TABLES 



TABLE I. SP(2) non-singlet species and their quantum numbers. U(1)b is the baryon number. 





SP(2) 


SU(2) T 


SU(3) C 


SU(2) L 


U(1) Y 


U(1) B Z 2 


s 


4 


2 


1 


1 





o + 


d 


4 


1 


3 


1 


1 

3 


-1 + 


h 


4 


1 


1 


2 


1 

2 


\ + 


n 


4 


1 


1 


1 





i 

2 


TABLE II. SP(2) 


singlet species and their charj 


z,es under symmetry group, 


in which each of 


them is 


introduced in 


duplicate ( / 


= 2,3 ), except for T. 








SP(2) 


SU(2) T 


SU(3) C 


SU(2) L 


U(1) Y 




dRf 


1 


1 


3* 


1 


i 

3 


1 

3 


Hf 


1 


1 


1 


2 


1 

2 


+ 


Ef 


1 


1 


1 


1 


-1 


-1 


Df 


1 


1 


3* 


1 


1 
3 


3 ^ 


e R f 


1 


1 


1 


1 


1 


+ 


If 


1 


1 


1 


2 


1 

2 





T 


1 


1 


1 


1 
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TABLE III. Additional species incorporated for generating the down-type quark masses. 





SP(2) 


SU(2) T 


SU(3) C 


SU(2) L 


U(1) Y 


U(1)b 


z 2 


K 


1 


2 


1 


1 





1 

2 




K 


1 


2 


1 


1 





1 

2 


+ 


p 


4 


1 


1 


1 





1 

2 




p 


4 


1 


1 


1 





1 

2 


+ 
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